Transendothelial migration (TEM) of lymphocytes and neutrophils is associated with the ability of their deformable nuclei to displace endothelial cytoskeletal barriers. Lamin A is a key intermediate filament component of the nuclear lamina that is downregulated during granulopoiesis.
INTRODUCTION
The nucleus is the largest cellular organelle and is mechanically stabilized by a constitutive network of laminar proteins. 1 Nucleus deformation is the rate-limiting step for cells to pass through constrictions that are smaller than the nucleus size. [1] [2] [3] [4] [5] The mechanical stability of the nucleus, particularly for large deformations, is dictated by lamins, intermediate filaments proteins that form a network underlying the inner nuclear membrane. 4, 6, 7 Lamin A and its spliced variant lamin C Abbreviations: 2D, two-dimensional; 3D, three-dimensional; dHL-60, differentiated HL-60 cells; HDMVEC, human dermal micro-vascular endothelial cells; OE, overexpressing; TEM, transendothelial migration impart the nucleus with its mechanical stability whereas the lamin B1 and B2 intermediate filaments are ubiquitously expressed but appear to be less important in mechanical stability of nuclei. 8 The nuclei of both circulating T cells and neutrophils are soft due to a low content of lamin A/C and B in their lamina. 9 Furthermore, in contrast to epithelial and mesenchymal cells and solid tumors, which usually keep their stiff nuclei at their rear, motile leukocytes translocate their soft nucleus to their leading edge (pseudopodia) irrespective of the barriers they cross. 10 However, the relationship between lamin composition, nuclear stiffness and nucleus location, and the impact of each of these parameters on the squeezing ability of leukocytes and other cells remains obscure.
It has been traditionally argued that leukocyte squeezing through endothelial barriers and extracellular barriers composed of collagen fibers involves passage through sub-micron wide gaps. Recent reports suggest, however, that leukocyte TEM involves a considerable widening of paracellular endothelial junctions as well as transcellular endothelial channels by the squeezing leukocyte. 10, 11 This leukocyte driven widening involves large displacement of endothelial stress fibers rather than active endothelial contractility. 10, 11 Our real-time imaging of nuclei in transmigrating leukocytes also suggested that the endothelial gap widening by squeezing leukocytes is driven by nuclear lobes, which are either preexistent or de novo formed by the deformable nuclei of T cells. 10 This recent analysis of nuclear squeezing dynamics also raised the possibility that nuclear deformation determines both the gap size generated by squeezing leukocytes during TEM and the dynamics of nuclear squeezing. 10 Leukocyte nuclei appear to function as mechanical "drillers" that displace and collapse different actin assemblies within the endothelial cytoskeleton. 10 Nevertheless, a direct molecular demonstration that nuclear deformation and mechanical stiffness determine leukocyte passage through endothelial barriers and control gap sizes has been missing.
To address these standing questions, we have used a model system based on differentiated HL-60, human promyelocytic leukemia cells, which upon in vitro differentiation give rise to either granulocytelike leukocytes or macrophages. 12 Whereas genetic manipulation of freshly isolated neutrophils is difficult and can result in side effects This line has therefore been widely used for structural and functional assays of leukocytes. [12] [13] [14] [15] Forced expression of lamin A in a similar HL-60 system, differentiated using all-trans-retinoic acid stimulation for 5 days, impaired nuclear lobulation during differentiation and inhibited serum triggered leukocyte perfusion through narrow channels and migration through rigid pores. 16 We used a similar system of DMSO differentiated HL-60 to generate granulocyte-like cells with 10-fold higher expression of lamin A. Having validated that the ability of these cells to transit through rigid micron-scale constrictions is severely compromised, we further investigated the ability of these leukocytes to squeeze through inflamed endothelial monolayers as well as through distinct fibrous barriers. Our results indicate that granulocytes overexpressing lamin A successfully adhered to and squeezed through confluent inflamed endothelial cell monolayers and successfully completed TEM in response to chemotactic signals, displacing the endothelial cytoskeleton and translocating their body underneath the monolayer, albeit with slightly delayed rates and creating larger pores in the endothelial layer. On the other hand, these lamin A enriched cells exhibited major defects in their ability to migrate through collagen I barriers in response to similar chemotactic signals. Our results suggest that chemokine-guided leukocyte squeezing through different cytoskeletal and extracellular matrix barriers is restricted to different extents by a given alteration in the stiffness of the leukocyte nuclear lamina.
MATERIALS AND METHODS

Reagents and antibodies
Human CXCL1 was purchased from Peprotech (Rocky Hill, NJ, USA).
PE-anti-human CD11a, PE-anti-human/mouse CD11b (M1/70), PE-anti-human CD29, and PE-anti-human CXCR2 antibodies were purchased from Ebioscience-Thermo Fisher Scientific (Waltham, MA, USA). HECA-452 was purchased from BD Bioscience Pharmingen (Franklin Lakes, New Jersey, USA). Anti CD18 mAb (TS1/18) was a kind gift from D. Staunton (ICOS, Bothell, WA, USA). Anti-lamin A/C mAb was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). Rabbit polyclonal anti-human Lamin B1 was a kind gift from E. Gomes (University of Lisbon). Alexa 647 anti VE-cadherin mAb was purchased from Biolegend (San Diego, CA). R-Phycoerythrin AffiniPure F(ab')2 fragment goat anti-rat IgM ( chain specific) and goat anti-mouse IgG (H+L) antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). BSA (fraction V), Hoechst, HEPES, CaCl 2 , MgCl 2 , and HBSS were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cell culture
The CXCR2-HL-60 cell variant line was described elsewhere. 17 Both parental HL-60 15, 16, 31 and the CXCR2-HL-60 variants were grown in RPMI-1640 medium supplemented with 20 mM HEPES, 10% fetal calf serum, L-glutamine, and Pen-Strep-Amphotericin. Cells were maintained at less than 1 × 10 6 cells/ml and differentiated into granulocytelike cells (dHL-60) by culturing for 7 days in culture medium supplemented with 1.3% (v/v) DMSO. Granulocyte-like appearance was confirmed by upregulation of CD11a and CD11b ( Supplementary   Fig. 1A, B) . HDMVECs (C-12211; PromoCell, Heidelberg, Germany) were grown in PromoCell EC medium MV (C-22020), according to manufacturer's protocol and were used at passages 2-3.
Retroviral transduction
Stably modified lamin A overexpressing (Lamin A-OE) CXCR2-HL-60 cells were generated by retroviral transduction with a bicistronic vector pRetroX-PrelaminA-IRES-ZsGreen1 as described. 16 A ZsGreen1 retroviral vector was used to generate the mock control cells.
Retroviruses were produced by transfecting Phoenix cells using Lipofectamine R 2000 reagent following manufacturer's protocol.
Retrovirus containing supernatant was collected at 48 h post transfection and used fresh to infect CXCR2-HL-60 cells in the presence of 4 mg/ml polybrene (Sigma). Cells were either sorted and maintained at >90% purity or taken as a mixture of lamin A-ZsGreen1 expressing and non-expressing cells for differentiation into granulocyte like cells using DMSO.
Flow cytometry
For analysis of integrin or chemokine surface expression, cells were incubated with primary fluorescence-labeled mAb (CD11a, CD29, CD11b: 10 g/ml) or unlabeled mAb (CXCR2, CD18, HECA-452: 10 g/ml) followed by secondary antibodies (1:100, Jackson 
Cell proliferation assay
A total of 250,000 cells/ml were plated (Day 0) in a 10 cm culture plate. 
Analysis of leukocyte migration under shear flow
Primary HDMVECs were plated at confluence on either plastic or glass bottom 60 mm petri dishes coated with 2 g/ml fibronectin (cat. # F0895; Sigma-Aldrich, USA). A day later, cells were stimulated for 3 h with IL-1 (2 ng/ml). Endothelial cell coated plates were assembled in a flow chamber and washed extensively with the binding medium HBSS (HBSS containing 2 mg/ml BSA and 10 mM HEPES, pH 7.4, supplemented with 1 mM CaCl 2 and 1 mM MgCl 2 ). Neutrophillike cells were perfused over the monolayer in binding medium for 40 s at 1.5 dyn/cm 2 , and were then subjected to a shear stress of 5 dyn/cm 2 for 10 min. Images were acquired at an interval of 15 sec using IX83, Olympus microscope equipped with 20 × or 60 × phase contrast objectives. Cells were tracked individually using ImageJ and categorized in at least 3 fields of view (∼50 cells per field) as previously described. 18, 19 For analysis of migratory categories, leukocytes accumulated dur- labeled with Hoechst 33342 as described 10 shortly before their introduction into the flow chamber. The location of pseudopodia sent by individual transmigrating dHL-60 cells and their respective nuclei were manually determined from time-lapse recordings (images were captures at 15 s intervals). Gap size generated by transmigrating Hoechst labeled dHL-60 cells was determined as described by the displacement of a non-blocking Alexa 647 anti-VE-cadherin mAb 10 (incubated at 2 g/ml, 10 min prior to the beginning of the TEM assay). Since the majority of the gaps were oval, an average of both the long and short axes was calculated for each gap generated by transmigrating granulocyte-like dHL-60 cells. Images were acquired using a 20× objective (IX83, Olympus, Shinjuku, Tokyo, Japan). Nuclear circularity index was determined using ImageJ.
Transwell migration assay
Nuclear shape analysis and location
Similarly, nuclear circularity index was determined for Hoechst labeled granulocyte like HL-60 cells migrating over immobilized CXCL1. Thirty consecutive frames were captured for each granulocyte at 15 s intervals, and the circularity index values in each frame were averaged for each cell. Nuclear location in each of these cells was manually determined. The nuclear locations of polarized and motile granulocytes were classified manually using CellSens Dimension Desktop software (Olympus) as either anterior and posterior based on whether the nuclei remained confined to either the leading or trailing edges, respectively for at least half of the total assay period.
Chemokine mediated two-dimensional and three-dimensional cell motility assays
Ibidi chamber slides ( -Slide VI 0.4, Ibidi) were coated with 50 ng/ml CXCL1. Granulocyte-like dHL-60 cells were washed and resuspended in binding solution, injected into the Ibidi chamber, and allowed to settle for 10 min at 37 • C, and images were acquired with a 20× or 60× objective (IX83, Olympus). Velocity calculations were performed using ImageJ and trajectory analysis was performed using Imaris 
Confocal reflectance microscopy
Collagen I and matrigel solutions were prepared as described above, plated in 35 mm petri dishes and incubated for 30 min at 37 • C in a humidified incubator. Gels were imaged using a Leica TCS SP5 confocal microscope by a 63×, 0.9 NA water immersion lens. Samples were illuminated with 488 nm Argon laser light and the meta channel of the microscope was set to detect wavelengths between 474 and 494 nm to allow reflectance mode. 20 
Scanning electron microscopy of collagen matrices
Samples were fixed using 2.4% paraformaldehyde/2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 1 h at room temperature. 
Statistical analysis
All the data are reported as the sample mean ± SD or SEM, as indicated, and means of different groups were compared pairwise using twotailed, unpaired Student's t-test. The difference between 2 datasets was considered significant for p values below 0.05.
RESULTS
Lamin A overexpression in granulocyte-like cells does not affect their chemokinesis but restricts migration through small, rigid pores
Primary neutrophils as well as granulocyte-like differentiated HL-60 cells (dHL-60) downregulate expression of the nuclear lamina proteins lamin A and C during differentiation. 9 In our experiments, we used a variant of HL-60 that stably expresses CXCR2 levels comparable to those in primary neutrophils 21 in order to facilitate migration of these leukocytes across CXCL1-producing inflamed endothelial cell monolayers. This introduced CXCR2 expression was critical for the ability of these cells to cross IL-1 -stimulated human dermal micro-vascular endothelial cells, a well-studied low permeability endothelial barrier, which supports robust neutrophil accumulation and TEM under physiological shear flow 10, 19 (Fig. 1A and data not shown). To overexpress lamin A in these HL-60 variants, we infected them with an IRES containing retroviral vector co-encoding the pre lamin A precursor and a ZsGreen1 reporter as previously described. 16 ZsGreen1 expressing cells were found to have 10-fold higher levels of lamin A than control CXCR2-HL-60 cells, when differentiated with DMSO into granulocyte-like cells (Fig. 1B) . Importantly, lamin A overexpression in these granulocyte-like leukocytes did not impair their proliferation rates, nor alter Lamin B1 expression, CXCR2 levels, or change the levels of major integrin members or the expression of E-selectin carbohydrate ligands (Fig. 1C-H surface coated with the CXCR2 chemokine CXCL1 (Fig. 1I) . The lamin A overexpressing granulocyte-like dHL-60 cells also normally crossed through 5 m pore transwells toward a CXCL1 gradient, comparable to non-modified control cells ( Fig. 2A) . However, when compared for their ability to squeeze toward identical CXCL1 gradients through transwells containing 3 m pores, which are substantially smaller than their nuclear diameter, only a minute fraction of lamin A-OE CXCR2-dHL-60 successfully passed through these smaller pores, whereas control CXCR2-dHL-60 cells showed efficient migration through these pores, albeit less than in the larger pores ( Fig. 2A) .
Notably, lamin A overexpression did not change the nuclear shape of these differentiated HL-60 cells as assessed by the average circularity of the nuclei in these granulocyte-like cells settled on a poly-L-lysine substrate (Fig. 2B,C) . Given that lamin A overexpression had only a moderate or no effect on nuclear circularity (Fig. 2B-D) , we conclude that the impaired migration of lamin A overexpressing CXCR2-dHL-60 cells through 3 m pores is caused by the increased nuclear stiffness due to higher lamin levels, and not an increase in nuclear circularity. These migration results are consistent with previous findings in dHL-60 granulocyte-like cells obtained by all-trans-retinoic acid treatment. 16 To further validate that the ZsGreen1 reporter on its own is inert in our various assays, the ZsGreen1 gene alone was introduced into CXCR2-dHL-60 cells by an identical viral vector, and both ZsGreen1 expressing and non-expressing CXCR2-dHL-60 cells were compared for their ability to cross rigid transwell pores and transmigrate across inflamed endothelial barriers. As expected, the ZsGreen1 expressing granulocyte-like CXCR2-dHL-60 normally crossed through small rigid pores toward CXCL1 gradients ( Supplementary Fig. 1E ). Thus, high-level expression of the ZsGreen1 reporter, on its own, does not alter the mechanical properties and squeezing capacity of CXCR2-dHL-60 cells. This observation also suggested that the ZsGreen1 negative granulocyte-like CXCR2-dHL-60 cells are practically identical to ZsGreen1 expressing granulocyte-like CXCR2-dHL-60 cells with 
Lamin A overexpression in granulocyte-like cells is permissive for protrusion and TEM but slows down nuclear squeezing through endothelial junctions
To further elucidate the effect of lamin A overexpression on dHL-60 migration across endothelial barriers, we next determined the (Fig. 3A) . Both groups of dHL-60 cells arrested nearby the endothelial junctions eventually transmigrated through while exhibiting negligible lateral crawling on the apical endothelial surfaces (Fig. 3A) . Surprisingly, although lamin A overexpressing granulocyte-like dHL-60 cells failed to squeeze through 3 m diameter rigid pores ( Fig. 2A) , comparable fractions of lamin A overexpressing and control CXCR2-dHL-60 transmigrated through IL-1 inflamed HDMVECs (Fig. 3A, TEM category) . Nevertheless, kinetic analysis of the TEM of these leukocytes revealed a statistically significant delay of the lamin A overexpressing cells compared to the control cells (Fig. 3B,C) . In order to further elucidate at a single cell level the basis for this delay in successful TEM, we analyzed the kinetics of leukocyte protrusion through the endothelial monolayer, as well as the overall time spent by either individual control or high lamin A expressing dHL-60 cells subsequent to this initial protrusion underneath the endothelial monolayer until the completion of TEM. While the rate of protrusion and extension of a basolateral pseudopodium (leading edge) underneath the endothelial monolayer was indistinguishable between control and lamin A overexpressing CXCR2-dHL-60 cells (Fig. 3D,E) , the lamin A overexpressing CXCR2-dHL-60 cells had an over 30% increase in the average period required for TEM completion compared with control CXCR2-dHL-60 cells (Fig. 3F) . Notably, the periods required for TEM completion of individual granulocytes was highly variable for both lamin A low and high CXCR2-dHL-60 cells, reflecting the multiple barriers, these leukocytes had to overcome to successfully cross the inflamed endothelial monolayers.
Further comparison of Hoechst labeled control and lamin A high CXCR2-dHL-60 cells indicated that the main step delayed for the lamin A overexpressing CXCR2-dHL-60 cells was the time it took for the nuclei of these cells to completely pass through the endothelial barrier (Fig. 4A,B and Video 1). In contrast, the rate of retraction of the uropod of these cells was comparable (data not shown). These results We have recently shown that leukocyte nuclear squeezing through transcellular routes of TEM is associated with pore widening to about 5 m in diameter. 10 We, therefore, asked if granulocyte-like cells that overexpress lamin A and are delayed in their squeezing through endothelial gaps exceed this upper limit of endothelial gaps. To address this question, we probed gap formation by VE-cadherin displacement by our different granulocyte-like CXCR2-dHL-60 cells. Remarkably, the average gap size generated by lamin A overexpressing CXCR2-dHl-60 cells was 20% larger than the average gap diameter generated by control CXCR2-dHL-60 cells (Fig. 4C ) consistent with the higher circularity of the nuclei of lamin A overexpressing CXCR2-dHL-60 cells polarized on immobilized CXCL1 (Fig. 2D) . These larger openings created in the endothelial layer may explain why lamin A overexpressing CXCR2-dHL-60 cells have similar TEM efficiency as control cells, despite their rounder and less deformable nuclei. Notably, both lamin A overexpressing and control CXCR2-dHL-60 cells readily displaced the stress fibers of the individual endothelial cells they squeezed between, without rupturing these fibers (data not shown).
F I G U R E 3 Lamin A overexpression in granulocyte-like HL-60 cells is permissive for TEM across an inflamed IL-1 stimulated human dermal micro-vascular endothelial cells (HDMVEC) monolayer. (A) Migratory phenotypes of control and lamin A overexpressing (Lamin
Lamin A overexpression in granulocyte-like cells restricts chemokine driven motility through and crossing of collagen I barriers
Extravasating leukocytes must cross additional extracellular matrix barriers upon exiting blood vessels and crossing the basement 22 To mimic the barriers encountered by leukocytes during interstitial motility, we designed a new readout, which combines chemokine driven leukocyte motility on a rigid 2D surface with a mechanical barrier exerted by a 3D matrix composed of distinct collagen containing fibrous barriers. To this end, both lamin A overexpressing and control CXCR2-dHL-60 cells were settled on a glass slide coated with CXCL1 in the presence of medium alone or medium supplemented with either 50% matrigel, which was allowed to undergo in situ polymerization for 20-30 min at 37 • C, or medium supplemented with collagen I allowed to undergo identical in situ polymerization (Fig. 5A) . Matrigel is an extract derived from mice harboring tumors, and is rich in laminin and collagen IV, and is therefore sometimes used as a surrogate basement membrane. 23 While both collagen I and matrigel are commonly used models of cell invasion, they have distinct biomechanical properties. Matrigel is characterized by small pore sizes and high deformability, while collagen I matrices at comparable collagen concentrations have larger pore sizes but are less deformable. 23 Comparison of these 2 types of barriers using confocal reflective microscopy revealed that the collagen I barrier is composed of thick fibers as opposed to the matrigel (Fig. 5B) . Scanning electron microscopy analysis of these matrices 24 further supported the notion that the collagen I matrix is much denser than the matrigel matrix ( Supplementary Fig. 2 ).
We next compared both the nucleus location and the motility of either control or lamin A overexpressing CXCR2-dHL-60 cells settled on CXCL1 in the presence of these different media (Fig. 6A-D) .
Notably, in aqueous media, dHL-60 with high lamin A content underwent normal polarization on CXCL1 coated 2D surfaces (Fig. 6A, Video 2), the nuclei of both granulocytes were readily translocated into their leading edges (Fig. 6C , and Video 2), and both granulocytes locomoted at comparable velocities on this 2D substrate (Fig. 6D and Video 2). As expected, the granulocyte-like CXCR2-dHL-60 cells locomoted more slowly on immobilized CXCL1 when embedded inside the matrigel relative to when the same cells were settled on the immobilized CXCL1 in medium only (Fig. 6B, D and Video 3) . Nevertheless, in the presence of the matrigel, lamin A overexpression modestly affected nuclear translocation into the leading edge of migrating granulocytes (Fig. 6C F I G U R E 5 A setup for leukocyte motility on a chemokine-coated surface in the presence of distinct 3D collagenous barriers. (A) A scheme depicting the experimental model used to assess leukocyte crossing of distinct collagenous barriers. Leukocytes suspended in cold matrigel or collagen I solutions were sedimented for 3 min and incubated under the distinct collagen solutions for 30 min at 37 • C to allow collagen polymerization. Leukocyte motility was recorded for 30 additional minutes. (B) Representative confocal reflectance images of matrigel (50% solution) and collagen 1 matrices (3.2 mg/ml) which underwent polymerization for 30 min at 37 • C. Scale bars = 10 m and Video 3) and reduced granulocyte motility by only ∼20% (Fig. 6D) . To evaluate the contrasting scenario of a less deformable extracellular matrix network, we assessed the impact of leukocyte nuclear stiffness on squeezing through a distinct porous barrier that closely resembles the collagen I rich interstitial tissue encountered by leukocytes once they enter peripheral tissues. 25 We therefore compared the ability of lamin A overexpressing and control CXCR2-dHL-60 cells settled on immobilized CXCL1 and embedded in a matrix of pure collagen I to cross this barrier. Notably, the vast majority of lamin A high granulocyte-like CXCR2-dHL-60 cells failed to translocate their nuclei to their protrusive leading edges in spite of their normal ability to extend filopodia-like protrusions (Fig. 7A, B and Video 4). Consequently, lamin A overexpressing cells showed a substantially reduced motility when embedded in the collagen I matrix compared with control granulocyte-like CXCR2-dHL-60 cells (Fig. 7C) , and their ability to successfully move through the collagen, although inherently variable, was significantly impaired (Fig. 7D) . Interestingly, polymerized collagen I did not slow down the motility of normal granulocyte-like CXCR2 dHL-60 cells more than did the matrigel barrier (i.e., a mean velocity of ±6.1 in collagen I compared to a mean velocity of ±6.6 in matrigel), indicating that it imposed a major barrier selectively on the migration of lamin A overexpressing granulocyte-like cells, which have stiffer nuclei, 16 whereas control ganulocyte-like cells with their highly deformable nuclei can still easily penetrate the collagen I matrix. The dramatically slower motility of these granulocytes through the collagen I gel and retarded nuclear translocation to the leading edge of these leukocytes was not the result, however, of augmented integrin mediated adhesiveness of the lamin A overexpressing CXCR2-dHL-60 cells to the collagen I fibers because the motility of these granulocytes was not affected by exclusion of Mg ++ (data not shown). Thus, integrinindependent CXCR2 mediated granulocyte motility through collagen I barriers is dramatically delayed by lamin A overexpression due to a failure of the stiffer, lamin A high nuclei to translocate into the pseudopodia of granulocytes crossing this poorly deformable barrier.
DISCUSSION
The lamin cortex of all mammalian nuclei is a thin, elastic shell encoded by 3 functionally nonredundant genes, LMNA, encoding lamins A/C, and LMNB1 and LMNB2, encoding lamin B1 and lamin B2, respectively. 26 Lamins exist in dynamic equilibrium between the nucleoplasm and the lamina network. 27 The ratio between the LMNA gene products lamin A and its shorter spliced variant lamin C and the other lamins is proportionally related to nuclear stiffness in both mesenchymal and hematopoietic cells. 28 In addition to their roles in structure and nuclear stability, the various lamins are also involved in transcription, chromatin organization, and DNA replication and their mutations are associated with multiple pathologies. 29, 30 Nevertheless, the lamin polymerized matrigel is mechanically softer than polymerized collagen I. 33, 34 Our structural analysis of 3D matrigel and 3D collagen I gels also indicates the presence of thick collagen fibers in the collagen I gels and absence in polymerized matrigels. This is attributed to the molecular differences between fiber-forming collagen I as opposed to the network assembly of collagen IV together with laminin within matrigels. The 3D collagen I barriers constructed by us in the present work appear to better mimic the physiologically relevant barrier leukocytes encounter during their interstitial motility in tissues. An open question of interest is the crossing ability of leukocytes with stiff nuclei through endothelial basement membrane barriers given that some basement membranes are discontinuous around post capillary venules at some sites of inflammation. 35, 36 One of the most surprising results of our study is the efficient squeezing of the lamin A high nuclei across endothelial junctions and underneath endothelial monolayers. This reflects the remarkable ability of the endothelial barrier to adapt its cytoskeleton to stiff lamin A high nuclei. This adaptive nature of the endothelial cytoskeleton sharply contrasts the mechanical resistance of collagen I fibers to the squeezing of identically stiff nuclei. 37 We thus predict, that unlike these fibers, both the endothelial actin filaments and microtubules that construct the main mechanical barriers of the endothelial cytoskeleton can likely bend, get displaced, and undergo remodeling when crossed by either soft (i.e., lamin A low) or stiff (i.e., lamin A high) nuclei.
The endothelial resistance to nuclear squeezing is low, likely because of the high elasticity of the endothelial stress fibers and the fast turnover of the short actin filaments interlaced in between these actin bundles. 10, 32 Our results also elude to the possibility that the pulling and pushing forces normally exerted by the leukocyte actomyosins are sufficiently high to propel even the stiffer nucleus of lamin A overexpressing leukocytes into the leukocyte pseudopodia and thereby override the low mechanical resistance imposed by the endothelial cytoskeleton. These actomyosin derived forces are also strong enough to squeeze the stiff lamin A enriched nuclei through thin and porous barriers, such as those imposed by matrigels. Similar forces are, on the other hand, insufficient to override the indefinitely high mechanical resistance imposed on the same nuclei by rigid pores and by the high resistance imposed by stiff collagen I fibers.
In summary, our results highlight the permissive nature of the endothelial cytoskeleton, which is highly dynamic and can actively remodel and rapidly change its fine structure, compared to extracel- 
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